Introduction
Microglia are brain-resident macrophages, comprising 5% to 12% of total cells in the brain depending on the region examined (Lawson and others 1990) . As nonneuronal cells, microglia arise from common myeloid precursors in the embryonic yolk sac early in ontogeny (Alliot and others 1999; Ginhoux and others 2010; Fig. 1A) . In rodents, microglia progenitors infiltrate the developing neural tube to colonize the primitive brain at approximately embryonic days 8 to 9 (Alliot and others 1999; Ginhoux and others 2010) and differentiate into microglia once in the brain (Fig. 1A ). Following this initial colonization, microglia are thought to be a longlived, stable population of cells in the brain that proliferate rapidly during perinatal development (Alliot and others 1999) and constitutively throughout the lifespan (Ajami and others 2007) and which are distinct from peripheral monocytes that can infiltrate the brain during injury, degeneration, or chronic stress (Ajami and others 2007; Hickey and others 1992; Wohleb and others 2013) . Microglia have long been known to perform a vital, if supporting role in the brain as resident "garbage collectors." But as with astrocytes, clinicians and research scientists alike underestimated the active and versatile roles that microglia play in brain development, plasticity, and neural function in both healthy and pathological brain states. This review will focus on an additional surprising role for microglia as key contributors to the developmental sculpting of sex-specific neural architecture, which mediates adult reproductive behavior.
The brain is considered immune privileged relative to the rest of the body as a consequence of the blood-brain barrier, yet it is still possible for bacterial or viral agents to infect the brain. In the absence of immune activating stimuli, microglia are found largely in what used to be considered a quiescent form but now referred to as "surveying," with small cell bodies and long, ramified processes. These microglia are expert sensors of even small changes in the neural environment and are considered to be the first line of defense in the central nervous system. If microglia detect an infectious agent in the brain, they respond with several classical defense mechanisms of the innate immune system, including recognizing foreign substances through toll-like receptors, phagocytosis of foreign material and subsequent antigen presentation to attract T cells into the brain and destroy infectious agents.
Microglia are also central in the nervous system response to injury. Following traumatic brain or spinal cord injury or hypoxic/ischemic damage, microglia rapidly undergo a morphological transformation and retract their highly ramified, branched processes to take on an ameboid form. This ameboid form is highly motile, allowing microglia to swarm to the site of injury within minutes. Once at the site of injury, microglia first engage in robust proinflammatory signaling and release cytokines, such as interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)-α to recruit additional innate immune cells to the site of injury (Kreutzberg 1996; Lenzlinger and others 2001) .
Microglia then phagocytose dead and dying cells to limit the spread of damage caused by the release of cell contents into the neuropil (Hanisch and Kettenmann 2007) . Secondarily, microglia engage in anti-inflammatory signaling and growth factor secretion to limit chronic inflammation and promote repair (Kreutzberg 1996) . Microglia can take on both classical pro-inflammatory activation (called M1) and alternative anti-inflammatory activation (called M2). These subpopulations of M1 and M2 microglia may act in concert following injury (Kigerl and others 2009 ), yet it remains unclear to what extent the different microglial phenotypes are responsible for the resolution or exacerbation of injury (Aguzzi Figure 1. (A) Microglial cells are derived from the embryonic yolk sac from myeloid progenitors that are generated prior to the initiation of hematopoiesis in the fetal liver. These progenitors migrate to the developing brain, colonize and differentiate into microglia, which is a long-lived self-sustaining population of the cells in the brain throughout life. (B). There is a sex bias in the number of microglia in the developing rodent brain, with males having more than females across the neonatal period. It is currently unknown whether more microglia progenitors are recruited into the male brain early in life, whether more proliferation occurs, or whether more cells survive in males than females (or some combination thereof). and others 2013). In fact, some are disputing the existence of clear and absolute boundaries between M1 and M2 polarization, given the vastly more complex spectrum of macrophage phenotypes characterized in recent work (Xue and others 2014) . Nonetheless, in states of neurodengerative disease, such as Alzheimer's or Parkinson's disease, microglia become chronically activated in a proinflammatory state, and thereby intensify the physiological, cognitive, and behavioral symptoms of these disorders.
A New Synthesis

Microglia Play a Novel Role in Adult Neural Plasticity
Microglia in the healthy adult brain are distributed fairly evenly throughout the parenchyma, and appear to have a home territory that they are responsible for monitoring (Nimmerjahn and others 2005) . Recent advances in imaging microglia in the live brain via 2-photon microscopy reveal that so-called "resting" microglia are actually very active in the healthy brain, keeping their cell bodies relatively stationary but rapidly extending their processes to survey the surrounding tissue (Nimmerjahn and others, 2005) . Microglia make regular physical contact with other cells, including neurons and astrocytes and retract and reextend their processes to different locations within minutes (Nimmerjahn and others 2005) . This basal activity has led to a shift in nomenclature, with quiescent, nonameboid microglia no longer called "resting" but instead called "surveying" (Hanisch and Kettenmann 2007) . Extrapolating the rate of microglial sampling of the parenchyma leads to the estimate that the entire brain can be surveyed and assessed within hours. But just what are microglia doing during this surveillance? Accumulating evidence points to microglial regulation of neuronal excitability, synaptic activity, connectivity, neurogenesis, and clearance of apoptotic cells in the healthy adult brain.
Synaptic Activity. Microglia and microglial-derived inflammatory cytokines regulate both long-term potentiation (LTP) and long-term depression (LTD). In the dorsal horn of the spinal cord, pharmacological inhibition of microglia prevents LTP that is normally induced at C-fiber synapses by high-frequency stimulation; in fact microglial inhibition instead leads to the induction of LTD (Zhong and others 2010) . In the hippocampus, mice deficient in CD200, a glycoprotein necessary for maintaining microglial in a ramified state, have impaired LTP that is dependent on increases TNFα (Costello and others 2011) . In a similar model, fracktalkine receptor knockout animals, which have increased microglial activation in the brain, have impaired LTP and hippocampal-dependent learning (Rogers and others 2011) . These deficits in hippocampal LTP are accompanied by increased IL-1β, and antagonism of IL-1β function rescues LTP (Rogers and others 2011) .
Synaptic Architecture and Connectivity. Microglia are intimately involved in shaping synaptic connectivity in the adult brain. Surveying microglial processes regularly and transiently contact both dendritic spines as well as presynaptic terminals of excitatory synapses under normal physiological conditions (Wake and others 2009). Thus microglia are contacting (and may thus be regulating) both presynaptic and postsynaptic sides of a neuronal circuit.
Adult Neurogenesis and Apoptosis. Microglia can regulate adult neurogenesis and apoptosis in several capacities: (a) as producers of inflammatory molecules and neurotrophins that regulate apoptosis and cell survival and (b) as phagocytic cells, "eating" both apoptotic cells as well as neural progenitors. Under non-pathological conditions, microglia phagocytose newly born cells undergoing apoptosis in the subgranular zone (Sierra and others 2010) . This process does not engage pro-inflammatory signaling pathways and does not result in subsequent microglial activation (Sierra and others 2010); in fact, this phagocytosis prevents proinflammatory responses induced by release of intracellular contents of dying cells into the local microenvironment (Gregory and Pound 2011) . In response to experiences that increase neurogenesis, such as exercise, microglia themselves proliferate in the hippocampus and cortex (Ehninger and Kempermann 2003; Olah and others 2009) . Microglia also promote neurosphere formation and hippocampal neural proliferation following exercise, via the neuronally derived chemokine, fracktalkine, and its receptor on microglia, CX3CR1 (Vukovic and others 2012). Thus microglia can regulate neurogenesis and apoptosis in the adult brain under both basal and pathological conditions. What remains to be determined is how microglia functions interact-for example, does microglial secretion of inflammatory and neurotrophic factors affect rates of phagocytosis, or vice versa? It also remains to be seen how microglia regulate neurogenesis and apoptosis differentially in the healthy and inflamed brain, both in terms of the mechanisms controlling the induction of proliferation and phagocytosis and the signals that specify which cells should be supported and which should be eliminated.
Microglia Play a Novel Role in Normal Development
Microglia colonize the brain early in embryonic development (Ginhoux and others 2010) and a host of newly emerging data illustrate that under normal healthy conditions, microglia sculpt developing brain circuits and cell populations (Fig. 2) .
Cell Genesis and Stem Cell Properties. During embryonic neurogenesis, microglia are highly localized to proliferative zones in the developing brain (Cunningham and others 2013) , and regulate stem cell pools and cell genesis via secretion of putative trophic factors and via phagocytosis. In culture, neural stem cells from the subventricular zone are responsive to microglia, with microglia co-culture or microglia-conditioned medium leading to decreased neuroblast numbers and highly increased numbers of newly born cells (Walton and others 2006) . Without microglia present in the cultures, inducible neurogenesis does not occur (Walton and others 2006) . Microglia also promote astrogliogenesis from stem cells in culture, via the release of IL-6 (Nakanishi and others 2007). Activated microglia in particular are necessary for both neurogenesis and oligodendrogenesis in the subventricular zone, with administration of the microglia inhibitor minocycline reducing postnatal cell genesis in a pro-inflammatory cytokinedependent fashion (Shigemoto-Mogami and others 2014).
Microglia may also regulate critical periods for neural proliferation in the developing brain by limiting the size of neural precursor cell pools in proliferative zones (Cunningham and others 2013) . At the end of the robust period of perinatal neurogenesis of cortical cells, microglia phagocytose not only apoptotic cells but also healthy, non-apoptotic neural precursor cells and therefore restrain overpopulation of the developing brain. If microglia are pharmacologically inhibited or ablated prenatally, precursor pool size increases, and if microglia are activated by prenatal immune challenge with lipopolysaccharide, precursor pool size decreases without any increase in cell death (Cunningham and others 2013) . The possibility that microglia actively shape brain development and particularly control the timing of critical periods in brain development is completely contrary to the notion that they are programmed only to clear up debris or phagocytose only cells that have already committed to cell death, that is, the brain's "garbage collectors." It is currently unknown what directs microglia to phagocytose healthy progenitor cells, and whether this action is intrinsic to microglia, directed by signals from the progenitor cells themselves or originates in the broader neural environment.
Programmed Cell Death. Microglia are expert sensors of apoptotic cells, showing strong chemoattraction toward death signals such as caspase-3 (Marín-Teva and others 2004). In both the developing cerebellum and hippocampus, once cells begin the programmed cell death process and upregulate caspase-3, microglia rapidly engulf the cells and actively promote their death via a superoxidemediated respiratory burst (Marín-Teva and others 2004). Without microglia present, cells will still express caspase-3 at similar proportions but fewer cells will undergo cell death (Marín-Teva and others 2004). Microglial processes detect apoptotic cells by surveying for phosphatidylserine, a lipid up-regulated on the surface of dying cells early in the apoptosis process (Ravichandran 2011) . According to Ravichandran (2011) , though the steps and molecular players in phosphatidylserine-guided phagocytosis of apoptotic cells has been most thoroughly characterized, there are several parallel signaling pathways that also tag apoptotic cells for phagocytosis. Indeed, during brain development, microglia appear to target dying cells via an immunoreceptor only expressed in the immature brain called DAP12, and along with the integrin protein, CD11b, deliver a superoxide burst to the dying cells (Wakselman and others 2008) . In this way, microglia sense neurons that have begun the cell death process and then finish the cells off. There is emerging interest in the notion that microglia may also sense stressed but healthy cells and inappropriately initiate phagocytosis, thus rather than facilitating suicide, they are instead committing cellular murder.
Synaptic Development, Maturation, and Connectivity. The best studied system in which microglia regulate synaptic development is the retina and retinogeniculate circuit. During the first postnatal week of life, the critical period for synaptic pruning in the thalamus, microglia phagocytose weak inputs from the retina in an activity-dependent manner (Schafer and others 2012) . This phagocytosis depends on the tagging of "weak" synapses with complement proteins, which attracts phagocytic microglia and directs lysosomal engulfment of the presynaptic terminal Microglia have been implicated as players in many normal developmental processes in the brain, including cell proliferation, survival, apoptosis, and synaptic patterning. Virtually all of these processes show prominent sex differences, thus the sex difference in microglia in the developing brain may contribute to each of these processes.
(Schafer and others 2012). The cytokine transforming growth factor (TGF)-β, is necessary for the neuronal expression of complement proteins in the developing thalamus (Bialas and Stevens 2013) , but it remains unknown how synaptic activity and strength regulate TGF-β and how specific synapses are directed to up-regulate complement proteins while others are spared. Later in the development of the visual system, in primary visual cortex microglia sample the environment and preferentially contact synaptic elements, including presynaptic terminals and postsynaptic dendritic spines (Tremblay and others 2010) . Microglia preferentially contact synaptic inputs that have been weakened by visual deprivation and appear to engulf them based on the observation that following visual deprivation microglia have increased numbers of phagocytic bodies and greater phagocytic activity (Tremblay and others 2010) .
The developing hippocampus also depends on microglia to refine synapses. Using high-resolution microscopy methods, microglia have been detected phagocytosing PSD-95 containing post-synaptic dendritic spines (Paolicelli and others 2011) . This synapse elimination depends on the fractalkine system that is so often implicated in microglia-neuron interactions: fractalkine receptor deficient mice have fewer microglia in the hippocampus and decreased microglial arborization, as well as increased dendritic spine density, increased presynaptic release sites, and less mature physiological properties, including enhanced LTD responses (Paolicelli and others 2011; Zhan and others 2014). Together, these data implicate surveying microglia as necessary regulators of synaptic pruning and refinement during normal brain development.
Sexual Differentiation of the Developing Brain
Sex determination in mammals, that is, whether an individual is a male or a female, is determined by the Y chromosome gene, Sry, which codes for a protein called the testis determining factor because of its obligatory role in testicular development. In the absence of Sry, such as in XX individuals, the bipotential gonad develops into an ovary (Goodfellow and Lovell-Badge 1993) . The process of gonadal differentiation occurs remarkably quickly and early in development. All other phenotypic traits associated with sex occur subsequent to gonadal development. Included among these is the phenotypic sex of the brain, which like the primordial gonad is bipotential before being subject to either masculinization or feminization. Elucidating the origins, mechanisms, and impact of sexual differentiation of the brain has been the topic of investigation for more than 50 years and many fundamental principles have been established.
Gonadal Steroids in Males Masculinize the Brain during a Sensitive Perinatal Period
As noted above, the fetal gonad develops early and in the male is fully active (with the exception of spermatogenesis) by mid to late gestation. In rodents, there is a surge in fetal testis androgen production beginning the last few days of gestation and enduring until shortly after birth. In primates androgen production occurs earlier, from the end of the first trimester and well into the second with another surge at birth (Forest and others 1973; Gendrel and others 1980; Reyes and others 1973) . After gaining access to the brain, testosterone (T) can be either aromatized to estradiol (E2) or 5-α reduced to dihyrdotestosterone (DHT). Both T and DHT induce some masculine endpoints but it is E2 that is the dominant masculinizing hormone in the rodent brain (for review, see McCarthy 2008) .
Confirmation of the critical role of E2 in brain masculinization comes from multiple sources, including many studies in which newborn females are masculinized by treatment with exogenous hormones to mimic the levels normally experienced by males (for review, see Lenz and others 2012) , or studies showing that males fail to masculinize if the estrogen receptors or aromatase enzyme have been genetically ablated (Honda and others 1998; Kudwa and others 2005; Ogawa and others 2000) . Naturally occurring masculinization in males is also prevented by treatment with inhibitors of the aromatase enzyme or antagonists of the estrogen receptor (ER). Importantly, in both males and females the treatment must occur during a narrowly defined critical, or sensitive, period. We now define this sensitive period as beginning with the onset of androgen production by the fetal testis and ending with the time at which exogenous treatments are no longer effective at either inducing or preventing masculinization, which in the rodent is approximately the end of the first week of life. In primates, including humans, the sensitive period is largely prenatal (Collaer and Hines 1995; Beek and others 2004).
Early Life Programming Permanently Alters Brain and Behavior
The actions of gonadal steroids during the perinatal sensitive period are often referred to as being "organizational" but really are akin to early life programming. Just as nutritional status, stress or trauma can permanently influence the sensitivity of the adult to various challenges, so too does early hormone exposure influence the sensitivity of the adult brain to additional hormone exposure that occurs after puberty. However, in this instance, the intent is for adult hormone exposure to match the conditions perinatally. Thus, high testosterone in an adult male will induce male reproductive physiology (pulsatile luteinizing hormone release) and behavior (mounting females), provided the male was exposed to androgens and its metabolite estradiol early in development. Likewise, a feminized brain responds to cyclical changes in estrogens and progestins in adulthood with female reproductive physiology (ovulation inducing luteinizing hormone surges) and behavior (lordosis). If the adult hormonal profile does not match the perinatal profile, the animal is essentially blind to the inducing effects of the hormones.
The masculinization of sexual behavior in the rodent has proven a highly valuable model system for investigation of early life programming effects of gonadal steroids. We now know that the preoptic area (POA) is an essential brain region for male sexual behavior and is characterized by marked neuroanatomical sex differences. These include the much larger sexually dimorphic nucleus (SDN), more highly stellate and ramified astrocytes and a density of dendritic spine synapses that is twice as great as that observed in the female POA (Gorski and others 1980; McCarthy 2002a, 2002b) . Elucidating the mechanism(s) by which steroids regulate neuronal cell death, astrocyte differentiation and synaptogenesis is of value to more than just the sexual differentiation of reproductive behavior and it elucidates novel but fundamental principles of brain development (Fig. 2) .
Induction of Prostaglandin Production by Steroids Is Necessary and Sufficient to Masculinize Both Brain and Behavior
A question essential to the phenomenon of sexual differentiation of the brain is the cellular events by which steroids exert their early life programming effect. Given the centrality of neurotransmitters to neurophysiology and behavior, a strong emphasis was placed on identifying which might be the key system subject to steroid modification. But the answer came from a surprising place. Rather than a classic neurotransmitter as the primary target of steroid hormone modification, it is the membrane-derived signaling molecule, prostaglandin E2 (PGE2) that transduces the hormonal message. The process begins with up regulation of the cyclooxygenase (COX)-1 and COX-2 enzymes leading to increased production of PGE2, which binds to and activates the GPCR-adenylyl cyclase-linked receptors EP2 and EP4 (Amateau and McCarthy 2004; Wright and others 2008) . Increased cAMP activates PKA, which phosphorylates a critical subunit of the glutamate AMPA receptor, inducing it to traffic to the membranes of both neurons and astrocytes (Lenz and others 2011; Wright and McCarthy 2009 ). Activation of AMPA receptors leads to induction of dendritic spine synapses during the critical period (Wright and McCarthy 2009) . Demonstration that the production of prostaglandins is the linchpin in this process comes from the ability of a single injection of PGE2 into the brain of neonatal female pups to fully masculinize their adult brain and behavior (Wright and McCarthy 2009) . Similarly, neonatal males in which the COX enzymes were briefly inhibited failed to masculinize normally.
The observation that a single injection of PGE2, a small molecule with a short half-life, could permanently program the developing brain was both startling and puzzling. That something so ephemeral as a brief rise in prostaglandin production would have such an enduring and consequential effect seemed to defy the rules governing brain development. Pondering this turned us to consideration of a potential feed-forward mechanism in which a small amount of PGE2 stimulates production of more PGE2 and possibly other associated molecules. The COX enzymes are ubiquitously distributed throughout the brain and are expressed by neurons, astrocytes, and most importantly, microglia.
Microglia as Critical Mediators of Brain Sexual Differentiation
Microglia Are Sexually Dimorphic
Microglia colonize the rodent brain prenatally (Ginhoux and others 2010) and by birth, a majority of the microglial population in the brain has been established (Schwarz and others 2012). By parturition, there are significant sex differences in the number and morphology of microglia in almost every brain region assessed. We have found significant sex differences in the overall number of microglia in the preoptic area (Lenz and others 2013; Fig. 1B) , and others have documented similar sex differences in the hippocampus, parietal cortex, and amygdala (Schwarz and others 2012) . We further found that in the preoptic area males have more microglia with an "activated" morphology characterized by an increase in cell body size and a decrease in process length and branching (Lenz and others 2013) . Interestingly in the immature brain, this morphological activation does not map on to a clear microglial phenotype (M1 or M2) as is so often the case in the injured or degenerating brain. Instead, all microglia in the immature brain express markers for classical pro-inflammatory (M1) activation as well as alternative (M2) activation (Lenz and others 2013) . These data match that of other groups who found microglia to highly express both M1 and M2 markers in the healthy, developing brain (Crain and others 2013; Cunningham and others 2013) and underscore that microglia in the immature brain are phenotypically distinct from adult microglia. It should be no surprise, then, that microglia perform distinct functions in the developing brain versus the injured or inflamed adult brain.
Most reproductively relevant sex differences in the brain are induced by steroid hormones during development and this is also true for the microglia of the POA. Treating females on the first two days of birth with estradiol leads to the full masculinization of microglial numbers and an increase in the number of ameboid microglia within a day of the final hormone treatment (Lenz and others 2013) . Microglia in the developing POA do not possess estrogen receptor alpha (Lenz and others 2013), but it is unknown whether estradiol induces an ameboid morphology by acting on microglia directly via other estrogen receptors or indirectly by stimulating production and secretion of pro-inflammatory molecules in neighboring cell types. However it is established that microglia are the necessary node in the feed-forward mechanism through which PGE2 begets more PGE2 in the POA: If microglial activation is prevented with the pharmacological inhibitor, minocycline, a dose of estradiol to a neonate is no longer effective at increasing PGE2 levels in the POA (Lenz and others 2013) . Microglial activation is also necessary to induce the masculine pattern of dendritic spines in the POA: If neonatal microglial activation is blocked with the inhibitor, minocycline, in vivo or in vitro, or if microglia are removed from POA primary cell cultures, estradiol treatment is no longer sufficient to induce a masculine dendritic spine phenotype. This early life programming by microglia has lifelong implications, with minocycline treatment preventing the masculinization of adult sexual behavior that is normally induced by estradiol (Lenz et al. 2013 ; Fig. 3) .
Recent data suggest that other inflammatory players may participate in sex differentiation in the brain, particularly during development. We have found significant sex differences in the expression of several inflammatory genes and pro-inflammatory cytokine levels in the developing POA, which may contribute to masculinization of the sex behavior circuit. Sex differences have also been detected in multiple cytokines and chemokines in the developing hippocampus, amygdala, and cortex, including CCL4, CCL20, and CD206, which may direct microglial colonization of the developing brain (Schwarz and others 2012). Ex vivo, microglia derived from male and female brains have shown divergent inflammatory signaling responses to lipopolysaccharide and estradiol treatment (Loram and others 2012) , which argues that sex differences in microglia in the brain may be more extensive than just a difference in number or morphology, but may also be phenotypically distinct.
We are now extending our experimental questions beyond microglia to another innate immune cell in the brain, the mast cell. Mast cells are an innate immune cell largely studied in the context of asthma, anaphylaxis, and atopic allergic responses, yet there is also a population of mast cells in the brain that is first detected during the embryonic period and persists throughout the lifespan (Lambracht-Hall and others 1990). Mast cells are detected near the blood-brain barrier, but are almost entirely on the brain side in close apposition to blood vessels (Khalil and others 2007; Silverman and others 2000) . Mast cells have long been implicated in the modulation of sexual behavior in birds, rapidly releasing hormones, such as GnRH as well as neurotransmitters, proteases, and cytokines into the brain parenchyma (Silver and Curley 2013; Silverman and others 1994) . Though mast cells are known to populate the healthy developing brain, their function is an almost complete mystery. We have found that, just like microglia, there is a significant sex difference in the number of mast cells in both the developing preoptic area and the developing hippocampus. Our recent data implicates mast cells as key players in developmental masculinization of microglia in the POA and ultimately synaptic patterning and sexual behavior.
Implications of Immune Mediators as Normal Agents of Brain Development
Developmental Disorders in Which Neural Inflammation or Immune Signaling Is Implicated
Epidemiological studies have persuasively shown that prenatal or neonatal inflammation or infection increases risk for developing several neuropsychiatric disorders (Fig. 4) . Schizophrenia is three times more common in offspring of women who suffered from influenza during the first trimester of pregnancy (Brown and others 2010) , and bipolar disorder is four times more common (Parboosing and others 2013) . Autism is significantly more common in children whose mothers had severe viral infections during the first trimester or bacterial infections during the second trimester of gestation (Atladóttir and others 2010) . Corroborating animal studies investigating these effects of developmental neuroinflammation are largely focused on schizophrenia and autism, likely due to the stronger developmental models and understanding of these conditions than models for bipolar disorder. Microglia specifically have been linked to the etiology of autism or endophenotypes for autism in animal models (Fig. 4) . Increased microglial numbers and reactivity are apparent in the postmortem brains of autistic individuals (Tetreault and others 2012; Vargas and others 2005) . In vivo positron emission tomography-based brain imaging of human microglia with a radiotracer shows autistic individuals have increased microglial activity throughout the brain, but particularly strikingly in the cerebellum, the brain region that is most strongly implicated in autism There is substantial overlap between neuropsychiatric and neurological disorders that show microglial involvement, sex biases in prevalence or severity, and have developmental origins. Currently, the roles of both sex hormones/sex chromosome complement and microglia in most of these disorders is poorly or incompletely understood. (Suzuki and others 2013) . Microglia-neuron crosstalk during development may be one means through which inflammation confers risk for autism. When microglialneuronal interaction is disrupted via fractalkine-receptor knockout, mice show impaired social behavior, increased repetitive behavior, and synaptic mis-wiring that make up core abnormalities of autism (Zhan and others 2014).
Schizophrenia. As discussed above, the incidence of schizophrenia is higher in children of women who experienced inflammation or illness during pregnancy. As in autism, peripheral inflammatory cytokines are higher in schizophrenics, particularly those with the most treatment resistance (Lin and others 1998) . Inflammatory genes are up-regulated in postmortem brains of people diagnosed with schizophrenia (Saetre and others 2007), and increased numbers of activated microglia are also found throughout the cortex and hippocampus (Radewicz and others 2000; Steiner and others 2006) . Early life inflammation in the brain produces schizophrenic-like behaviors in animal models, including deficits in working memory (Takao and others 2013) 
Sex Differences in Neurodevelopmental Disorders
For several of these disorders, including autism, earlyonset forms of schizophrenia, and early-onset bipolar disorder, males are at significantly higher risk than females of developing the disorder (Fig. 4) . Autism is four to eight times more common in males (Baron-Cohen and others 2009; Fombonne 2002) and has even been characterized as having a hypermasculinized phenotype, behaviorally and physiologically (Baron-Cohen 2002) . Matching data on human sex biases in prevalence, male rodents show larger disruptions in social behavior than females following prenatal immune challenge (Taylor and others 2012) . Research on the sex bias in autism and autistic-like behavior has largely focused on the factors and processes that may make males more vulnerable than females, including fetal testosterone levels (Geier and others 2012) . We hypothesize this male vulnerability occurs at least in part because microglia and inflammatory molecules are involved in the normal developmental process of sexual differentiation (Lenz and others 2013) and also because males have more activated innate immune cells in the developing brain under normal developmental conditions (Schwarz and others 2012) . Although the research focus has largely been on male-specific genetic and physiological factors that confer vulnerability to neurodevelopmental disorders, a recent study of familial patterns of autism shows that females with autism have a greater etiological load, including clear environmental factors or large genetic changes (Jacquemont and others 2014; Robinson and others 2013). This sex difference in etiological load argues that there is a female protective factor that prevents a large majority of females from reaching threshold for autism diagnosis unless risk penetrance is very high (Robinson and others 2013) . Therefore it is essential that we study female-specific biology to determine the factors that may confer resilience (Werling and Geschwind 2013) , especially if the goal is to counteract the environmental factors that increase vulnerability in males.
Further complicating matters is that males and females with autism exhibit different physiological abnormalities and behavioral phenotypes from one another (Werling and Geschwind 2013) . Characterization of peripheral biomarkers for autism revealed several immune and growth factors in blood were dysregulated in individuals with Asperger's disorder relative to controls, and yet there was little overlap between the markers that were dysregulated in males versus females (Schwarz and others 2011) . What is most intriguing in this data set is that males show alterations in levels of cytokines and other inflammatory molecules, whereas females show alterations in growth factors and hormone levels (Schwarz and others 2011) . This study not only argues that both inflammatory and endocrine factors may influence the etiology of autism but also that these mechanisms may be sex specific.
Other disorders of brain development, including learning disabilities, ADHD, dyslexia, and cerebral palsy, are all more common in males, but inflammation has not (yet) been implicated in the etiology of these disorders. Together, these gender differences suggest the male brain may be more vulnerable to early life perturbations and/or that females may be more resilient.
Sex Differences in Adult Disorders
Mood Disorders. Substantial evidence implicates immune processes in the etiology of affective disorders (Fig. 4) , particularly major depressive disorder and anxiety disorders (Dantzer and others 2008; Dunn and others 2005; O'Brien and others 2004) . Peripheral cytokines are high in individuals suffering from depression and anxiety (Raison and others 2006; Schmidt and others 2011) . Administration of endotoxin to humans induces key emotional symptoms of major depressive disorder, including anhedonia and depressed mood (Eisenberger and others 2010) . Similarly, administration of inflammatory cytokines during cancer treatment, such as interferon-γ, induces sleep disruption, anhedonia, apathy and depressed mood, especially in individuals previously predisposed to depressive episodes (Walker and others 1997; Capuron and Ravaud 1999) . Administration of endotoxins or cytokines to rodents similarly induces depressive-like behaviors, including decreased sucrose preference and increased immobility on the forced swim test (Henry and others 2008; Makino and others 2000; Tonelli and others 2008; Wu and Lin 2008) . Inflammatory challenge not only increases proinflammatory cytokines in the periphery and brain but also leads to altered serotonin synthesis, possibly through microglialmediated activation of the enzyme, IDO, which diverts tryptophan from the synthetic pathway for serotonin (Müller and Schwarz 2008; Steiner and others 2011) . Inflammation also influences serotonin transporter function and thus reuptake (Baganz and Blakely 2013) and may thereby contribute to the etiology of depression through multiple routes. At this stage, there is clear evidence of a relationship between depression and inflammation, yet it remains unclear whether neuroinflammation leads to depression, depression leads to neuroinflammation, or both.
Unlike neurodevelopmental disorders, which have a male-biased preponderance, mood disorders, including depression, anxiety, and posttraumatic stress disorder, are diagnosed at approximately double the rate in women than in men (Angst and others 2002; Breslau and others 1997; Nolen-Hoeksema 1987) . Ovarian hormones are thought to play a role, with rates of depression increasing during the transition to menopause (Freeman and Sammel 2006) and also during states of low or rapidly changing estrogen levels, such as the postpartum period (Ahokas and others 2001) . Similarly, individuals with menstrual cycle-associated mood disorders show decreased estrogen sensitivity (Huo and others 2007) . The research on hormonal modulation of mood is rife with contradiction, likely due to the heterogeneity in symptoms of mood disorders themselves. In humans, conclusions also remain hard to make because of high variability in women's hormonal status that results from both intrinsic biological variability as well as different exogenous hormonal treatments (both hormone replacement and hormonal contraceptives). An interesting possibility is that the immune system, particularly the innate immune system in the brain, plays a role in this sex bias in mood disorder prevalence. While males have more microglia and greater inflammatory tone in the developing rodent brain (Lenz and others 2013; Schwarz and others 2012) , the opposite is the case in adulthood, when females have more activated microglia in the brain and higher levels of proinflammatory cytokines (Schwarz and others 2012) . Estrogens are argued to have largely anti-inflammatory effects in the brain (Czlonkowska and others 2006) , and the correlation between low estrogen levels in females and mood disorders may be mediated by changes in microglia, cytokines, and inflammation in the brain.
Autoimmune Disorders. Autoimmune disorders are a group of up to 80 disorders in which the body's immune system is over activated and attacks endogenously derived proteins as if they were foreign. Many such disorders, including systemic lupus erythematosus, multiple sclerosis, thyroid disorders, and rheumatoid arthritis are all at least twice as common in women as in men, and in total, nearly 80% of autoimmune disorder patients are women (Jacobson and others 1997; Whitacre 2001) . This relatively higher incidence in females is largely attributed to increased sensitivity of the peripheral immune system (Whitacre 2001) . As with mood disorders, ovarian hormones are likely to play a role. Both pregnancy and menopause can modulate symptom severity in autoimmune disorders (Selmi 2008) . In fact, the alleviation of multiple sclerosis symptoms during pregnancy is so dramatic that clinical trials have been pursued to use estriol, an estrogen only made in substantial quantities in the body during pregnancy, as a multiple sclerosis therapeutic (Sicotte and others 2002; Soldan and others 2003) . Elegant rodent work suggests that estrogens modulate multiple sclerosis symptom severity by inhibiting microglial over activation, but in complicated ways that depend on both which particular estrogens are administered and which receptors they act upon (Saijo and others 2011) . Given that our current understanding of basic sex differences in innate immune cells and their signaling in the brain is limited at this point, we remain hampered in our ability to use hormonal therapeutics to effectively treat and even prevent brain disorders in which the innate immune system plays a central role.
Integrating Hormones, Genetics, and the Environment
While hormones are a potent and pervasive force in brain development, it is also true that every cell in the brain is either XX or XY in chromosome complement. Recent years have seen a dawning appreciation for the importance of sex chromosome complement as a direct source of variation in brain function. This new appreciation has its origins in two sources. First was an acceptance of the fact that hormones could not explain everything when it came to sex differences in the brain, and second was the advent of new animal models and genomic sequencing technologies. The identification of Sry as the initiating gene for testicular development lent itself to relocation on an autosome in genetically modifiable mice, and thus the ability to generate genetic females with testis (i.e., XX but Sry+) and genetic males with ovaries (i.e., XY but Sry−). This arrangement provided for a separation of gonadal sex, meaning hormones, from chromosome complement, meaning genetics. Multiple neuroanatomical and behavioral endpoint sex differences reflect a genetic contribution, sometimes in combination with hormonal modulation (Arnold and Chen 2009 ). These range from cognitive tasks such as habit formation (Quinn and others 2007) , to social behaviors like aggression (Gatewood and others 2006) and disease susceptibility using an animal model of multiple sclerosis (Du and others 2014) .
In retrospect, a contribution of the X chromosome to neuroanatomical sex differences seems self evident in light of the now emerging evidence that this chromosome is heavily enriched in genes that impact brain function. Up to 3.5 times as many genes affecting cognitive ability are found on the human X compared with autosomes (Zechner and others 2001) . More surprising and tantalizing is that the X chromosome is equally enriched in in genes of the immune system, including multiple interleukin and Tolllike receptors (Fish 2008) . The preponderance of immune related genes on the X chromosome is the basis for the increased vulnerability of males to several X-linked immunological diseases, but may also be the source of the increased vulnerability of females to autoimmune disorders (Libert and others 2010) . This is due to the three unique ways in which the X chromosome differs in males and females. First, males receive only a maternal X, and thus any mutated or imprinted genes on that X are unopposed. Second, females receive both a maternal and paternal X but one copy is randomly inactivated in each cell to achieve dosage compensation. However, inactivation is also subject to skewing, and the degree of heteroscedasticity can vary by tissue or even with age (Wu and others 2014). The skewing of X chromosome inactivation can be either protective or damaging. Lastly, up to 10% to 15% of genes on the human X chromosome escape X inactivation, and even this may be an underestimate as X-gene silencing has turned out to be far less frequent and more variable than previously thought (Carrel and Willard 2005) . Thus there are multiple opportunities for twice the protein dose in females (Pinheiro and others 2011; Spolarics 2007 ).
An additional distinguishing feature of the X chromosome is its higher density of miRNAs, small non-coding RNAs believed to regulate the expression of 30% to 50% of all genes. These ubiquitous molecules have been of intense interest in the field of cancer due to their gene repression effects, escape from which can release oncogenes (Garzon and others 2009) . Several X chromosome miRNAs also have fundamental roles in immunity, down regulating both pro-and anti-inflammatory mediators. A single miRNA can regulate the translation of multiple genes and some of those implicated in regulation of the immune system also target the α-isoform of the estrogen receptor (Pinheiro and others 2011) .
To date there are no clear connections between immune genes of the X chromosome and brain sex differences, but this seems likely to be more from lack of looking than lack of evidence. New tools that allow for quick, precise and affordable sequencing of large numbers of samples will surely open new vistas into which genes are being regulated by or regulate the sex of the brain. Thus we are rapidly approaching a time when an integrated synthesis of hormonal, genetic, and ultimately environmental factors will expand our understanding of the origins and impact of brain sex differences. With the emerging importance of immune system mediators in normal brain development, particularly in males, the impact of environmental variables that include injury or inflammation may be a nodal point for sex differences in both health and disease.
Summary and Conclusions
First described almost a century ago, microglia had been largely considered only in the context of injury and inflammation. Recent findings have fueled a renaissance in the study and interpretation of all non-neuronal cells in the brain and continue to reveal surprising and unexpected roles for these versatile partners. The ubiquitous and relatively uniform distribution of microglia throughout the brain positions them as surveyors of the microenvironment and rapid responders to local change. Previously, the nature of the response was thought to be restricted to evocation by major disruptions of homeostasis and consisting of the mechanical clearing of debris and the release of pro-or anti-inflammatory signaling molecules. We now know that the role of microglia is far more complex and at times subtle yet profoundly important. The regulation of cell number and synaptic patterning are two of the most fundamental components of neural development and microglia perform central functions in both by selective phagocytosis. We have discovered yet another novel role for microglia in regulating synaptic patterning selectively in males versus females that involves an intimate partnership with neighboring neurons and astrocytes. Steroid hormone signaling initiated in neurons is amplified by microglial release of prostaglandins and is an essential contributor to the induction and maintenance of dendritic spine excitatory synapses in the developing male brain. Whether the dual nature of microglia as responders to injury and mediators of brain masculinization contributes to the greater risk of males for developmental disorders remains an open but intriguing question.
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